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Introduction
In recent years, increasing concentrations of total organic carbon (TOC) have been observed in many rivers and lakes in Sweden (Erlandsson et al. 2008a) , Norway Hongve et al. 2004) , Finland (Vuorenmaa et al. 2006 ) and the UK (Evans et al. 2005) .
Changes in TOC concentration can affect pH ), water colour, and the penetration of both light and UV radiation (Schindler et al. 1997) . Consequently changes in TOC affect the structure and functioning of lake ecosystems by altering the composition and productivity of biological communities. By influencing respiration of biological communities, changes in TOC can also affect the emission of carbon dioxide (CO 2 ) to the atmosphere (Kling et al. 1991; Cole et al. 1994) . Sobek et al. (2003) demonstrated that the rate of CO 2 emissions is positively correlated to TOC concentrations in Swedish lakes.
Increased TOC concentrations can therefore increase CO 2 emissions to the atmosphere and influence the carbon balance (Worral et al. 2007 ).
The cause(s) of the recent increases in TOC concentrations observed in lakes across
Europe is still uncertain. A growing body of work links the recent increases in TOC to reductions in acid deposition (Monteith et al. 2007 , Erlandsson et al. 2008a ) however changes in precipitation and solar radiation (Hudson et al. 2003 , Lepistö et al. 2008 , temperature (Freeman et al. 2001) , pH ) and CO 2 levels (Freeman et al. 2001 ) have also been suggested as potential drivers. This uncertainty restricts our ability to predict whether further increases in TOC concentration will occur, and the magnitude of any such increases.
For example, if acidification recovery is the causal mechanism, then TOC concentrations are likely to stabilise in the foreseeable future (Erlandsson et al. 2008a) . If however, climate change is the cause, then future increases are more likely.
One method of improving our understanding of this issue is to examine the past variability of TOC concentrations. Despite the recent attention given to TOC concentrations, little is known about the long-term variability within natural ecosystems. The longest records of TOC extend back only a few decades and there are only a few proxy records (such as color and chemical oxygen demand) which cover a longer time period. Thus it is difficult to resolve the drivers of change, or even to know what the degree of variability in TOC was prior to this century's anthropogenic drivers.
Calibration models provide one means of assessing past concentrations of TOC in lake-water. Diatom-based calibration models for TOC generally show rather poor statistical performance (Rosén et al. 2000) . Furthermore the performance of such models may be further reduced due to confounding by a stronger pH signal. Inference models derived from near infrared spectroscopy (NIRS) show better model performance (Nilson et al. 1996; Rosén 2005; Rosén and Hammarlund 2007) and are not subject to confounding by pH. A 100 lake calibration dataset has previously been constructed for northern Sweden (Rosén 2005) . This paper expands on this existing research by including an additional 40 lakes from southern Sweden and thus a broader range of the nemoboreal landscape. The aim of this research is to develop an inference model that can be applied across all of Sweden, enabling quantitative reconstructions of past concentrations of TOC in lake-water. The accuracy of these reconstructions is assessed via comparisons to measured data recorded by the Swedish environmental monitoring program over approximately 20 years (SLU Uppsala). The longterm reconstructions can then be used as a base-line against which recently observed increases in TOC can be compared. This was done for four of the 40 lakes from southern Sweden by examining the last two centuries of TOC as determined by the calibration model.
Methods

The calibration datasets
The existing model for inferring TOC concentrations in lake water from using NIRS analysis of lake sediments has an R 2 = 0.61, and an RMSEP of 1.6 mg L -1 . The 100 lakes incorporated into this dataset consisted predominantly of small (less than 20 ha) headwater lakes from areas with low human impact, spanning a climatic and altitudinal gradient in northern Sweden ( Figure 1 ) with a median TOC of 4.1 mg/L (max 14.2) (Rosén 2005) . Approximately half of these lakes were in alpine catchments above the tree-line, with the remainder situated in birch or pine forest dominated catchments. A brief summary of some physical and chemical properties of lakes from this northern dataset is given in Table 1 . Further details on the characteristics of these lakes and a description of the sampling techniques are given in Bigler and Hall (2002) . Water samples for TOC analyses were collected from 1 m water depth using a Limnos-type water sampler on the same day as the sediment samples. These samples were analyzed by an accredited laboratory (Miljölaboratoriet, Umeå) within 2 days of collection.
In order to broaden the applicability of this initial calibration dataset, the current study incorporated an additional 40, small forest lakes from southern Sweden. The lakes are all part of the national lake monitoring program with samples taken seasonally (at least four times per year). Overt human impact on the catchments of these lakes is limited to conventional forestry and long-range atmospheric deposition, although limited agriculture and infrastructure is present within most catchments. These lakes typically had higher TOC concentrations than the initial training set with a median TOC of 11.4 mg/L (max 30.8) ( Table 1 with a Shimadzu TOC-5000 total organic carbon analyzer. The measured TOC concentrations exhibit a high degree of variability, both intra-and inter-annually. A natural log (x+1)
transformation was therefore applied to the TOC data to obtain a normal distribution.
The reconstruction lakes
The four lakes used to reconstruct past TOC concentrations were all relatively small lakes (Table 2) which are frozen for a short period in winter. These lakes are relatively low-lying and have maximum depths between 4.3 and 10.6 m ( Table 2 ). These four lakes are currently subject to relatively few human impacts, and their catchments are predominantly forested with little agricultural activity ( Table 2) . None of the lakes have been limed although these lakes typically are slightly acidic (Table 3) . Nutrient concentrations in these lakes are typically low (Table 3) 
NIRS analyses
The frozen sediment samples were freeze-dried and ground to a fine powder, to reduce grainsize effects. Samples were placed in the same room as the analytical equipment the night prior to analysis, to avoid any temperature effects. NIR spectra were recorded using a NIRSystems 6500 instrument (FOSS NIRSystems Inc., USA). The instrument measures diffuse reflectance (R), which is then transformed to apparent absorbance values (A) using the equation A = log (1/R). Data were collected at 2-nm intervals between 400 and 2500 nm yielding 1050 data points per sample. Spectral variation arising from varying effective path lengths and particle size was removed using multiplicative signal correction (MSC) prior to development of the calibration dataset (Geladi et al. 1985) . This removes noise and maximizes the remaining signal, which results from compositional differences of the samples.
Principal component analyses and regression analyses (partial least squares) were used to develop inference models based on the 140 lake calibration dataset, using the statistical package SIMCA (Umetrics, Sweden). Internal cross validation (based on a leave 10% out protocol) was performed during model development to assess performance of the models.
The calibration model was then applied to sediment cores from four lakes, thus allowing past TOC concentrations of lake water to be inferred.
SCP dating
Concentrations of spheroidal carbonaceous fly ash particles (SCP) were used to infer approximate dates of recent sediment samples following standard procedures (Wik and Renberg 1996) . This dating method uses two markers to infer the age of recent sediments.
The first marker is a rapid increase in SCP concentrations, which corresponds to the increase in fossil fuel combustion following the Second World War (c. 1950 A.D.) . The second marker is the maximum SCP concentration, which corresponds to the peak in oil consumption in the early 1970s. SCPs were typically counted at 1 cm intervals over the top 10 cm of the four sediment cores used for the reconstructions. If no SCPs were recorded in two consecutive samples, then counting was stopped.
Results
SCP dating
Total concentrations of SCPs were several times higher in Fjärasjön and Rotehogstjärnen than The SCP profile of Brunnsjön is quite irregular within the top section and suggests that there has been disturbance within the sediments since the 1950's. Given the steepness of the SCP curve below 10 cm, these sediments are not believed to be disturbed. Within this core, the change in SCP accumulation at approximately 13 cm is interpreted as representing the 1950's increase. It is likely that the peak at 10 cm represents the 1970's peak although, given the disturbance of sediments, this is not certain. Previous work on an earlier core from this lake, also suggested a maximum concentrations of SCPs occurred at 10 cm (Ek & Korsman 2001) .
As a result of the disturbed sediments seen in the core used within the current study, interpretation of the upper section must be considered tentative at best. The results suggest a high sedimentation rate of 0.27 cm/year since the 1970's with a lower rate (0.15 cm/year) before this. Extrapolation of the second sedimentation rate suggests that the core covers the last 150 years.
Model performance
An initial PCA analysis of the spectral data did not reveal any outliers, therefore all samples were retained. A transfer function based on all wavelengths showed good results (R 2 = 0.72, RMSEP= 2.6 (8.7% of the gradient)). Despite the good performance overall, high TOC concentrations were less accurately inferred (Figure 3 ). This possibly reflects the reduced number of samples (20) If the decrease observed within the current study were an artefact of sediment "aging", then one would logically expect all sediment cores to show a similar trend. Instead, these previous studies clearly demonstrate that TOC concentrations are related to past environmental conditions around individual lakes. In particular, reconstructions from alpine lakes showed relatively constant TOC concentrations over several millennia (Rosén 2005) , thus providing supporting evidence that sediment aging does not affect the NIRS signal with regard to TOC models. Similarly, if aging were an issue, the effects of this would also be most pronounced within the top five cm, which is not observed in the current study. It can therefore be concluded that the decrease in TOC over the past hundred years or so, observed within this study, is real, and not an artefact of sediment "aging".
As stated above, our results clearly show that large decreases in TOC have occurred over the past century. Although it is possible that the major anthropogenic drivers currently being discussed with regards to recent TOC increases, namely acidification and climate change, caused the observed decreases, this seems unlikely given the time-frame of these changes. Diatom reconstructions in this region indicate that modern acidification due to atmospheric deposition began in the post-second world war period even though pH has changed substantially over a thousand years earlier, probably due to human induced catchment changes (Renberg et al. 1993 ). Long-term decreases in the pH of many lakes have previously been demonstrated for southern Sweden, both in relation to historical activities over several centuries (Ek and Renberg 2001) and acid deposition over the last century (Bindler et al. 2002; Bindler et al. 2008) . Sulphur deposition, a precursor to acidification that has been linked to TOC changes, as well as many other pollutants, had begun to reach Sweden over a century ago, with lead arriving in Roman times. Olsson et al. (1997) demonstrated that the rate of sulfur accumulation in sediments of a Swedish lake increased dramatically around 1800 and remained high until the late 20 th century. Such changes in sulfur deposition and accumulation may have affected TOC concentrations. Thus it is possible that the long-term decrease in TOC which we observed may be caused by sulfur deposition over the past two centuries. However, the magnitude of early sulphate deposition is small compared to that of the last century. If sulphate deposition was the cause of the observed TOC decrease, a second, larger decrease in TOC would have been expected to occur around the 1970's. Given that this is not observed in any of the cores, it seems likely that another factor was responsible for the large decrease in TOC observed during the 19 th century.
Climatic variables such as temperature, radiation and precipitation can also influence TOC concentrations in lakes (Hudson et al. 2003; Hongve et al. 2004) . It is therefore possible that the observed long-term decrease in TOC might also be related to climatic parameters.
Long-term temperature data shows a gradual increase of 1.4 °C in spring temperatures in Stockholm and Uppsala between the period of 1861-1990 and the most recent period (Moberg and Bergstrom, 1997) . It is possible that spring temperatures may have affected snow melt, run-off and thus influenced TOC concentrations within these lakes, however, changes in spring temperature have been most pronounced in the last 3 decades which is not reflected in the TOC profiles. Small increases in summer and annual mean temperature were also observed during this time, but of a much smaller magnitude. Improved sediment dating and higher resolution studies would be required for further investigations of potential relationships between long-term trends in TOC and climatic data. 
Conclusions
Our results showed a strong relationship between NIRS spectra and TOC concentrations in lake water, using a 140 lake calibration dataset from across Sweden. Predicted results compared well with monitoring data. Reconstructions of past TOC concentrations clearly demonstrate that large decreases in TOC concentrations having occurred over the past two centuries. Much of these decreases occurred before the 1920's which is when S deposition began to increase most strongly. It is therefore speculated that decreasing TOC levels may be related to land use changes, however, further work would be required to verify this. 
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